Background and Aims Forest trees directly contribute to carbon cycling in forest soils through the turnover of their fine roots. In this study we aimed to calculate root turnover rates of common European forest tree species and to compare them with most frequently published values. Methods We compiled available European data and applied various turnover rate calculation methods to Plant Soil (2013) 362:357-372 DOI 10.1007/s11104-012-1313 
the resulting database. We used Decision Matrix and Maximum-Minimum formula as suggested in the literature. Results Mean turnover rates obtained by the combination of sequential coring and Decision Matrix were 0.86 yr −1 for Fagus sylvatica and 0.88 yr −1 for Picea abies when maximum biomass data were used for the calculation, and 1.11 yr −1 for both species when mean biomass data were used. Using mean biomass rather than maximum resulted in about 30 % higher values of root turnover. Using the Decision Matrix to calculate turnover rate doubled the rates when compared to the Maximum-Minimum formula. The Decision Matrix, however, makes use of more input information than the Maximum-Minimum formula.
Conclusions We propose that calculations using the Decision Matrix with mean biomass give the most reliable estimates of root turnover rates in European forests and should preferentially be used in models and C reporting.
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Introduction
Turnover of tree fine roots is one of the major carbon (C) pathways in forests. The cause of the large C flux through this biomass pool is the rather limited lifespan of tree roots less than 2 mm in diameter. Given the estimated size of the C flux associated with the limited lifespan (synonyms: 'longevity' or 'turnover time', inverse of 'turnover rate') of fine roots, thought to reach 0.5 to 3 tC ha −1 yr −1 in steady-state forest ecosystems (Gill and Jackson 2000; Brunner and Godbold 2007) , we clearly need to have a good understanding of the turnover rate at which fine roots die and contribute to soil C pools. Indeed, in the light of ongoing and projected climate change and the implementation of C reporting in many countries, belowground C dynamics have to be taken into account. Given the role of scientists in this debate, it is down to those who study root dynamics to provide the knowledge basis that permits modellers and C reporters to utilise the most realistic turnover values. Currently, root turnover rates are commonly utilised to parameterise biogeochemical models, which require fine root turnover rate data input e.g. Biome-BGC, LPJ, or LPJ-GUESS (e.g. Pietsch et al. 2005; Sitch et al. 2003; Smith et al. 2001 ). The turnover rates as input can be derived from published scientific literature, based on supposed relationships between leaf lifespan and fine root lifespan (i.e. lower turnover rates for evergreen species with long-lived leaves) with values between 0.18 and 1.02 yr −1 (Pietsch et al. 2005; Cienciala and Tatarinov 2006; Tatarinov and Cienciala 2006) or simplified to just one value 0.7 yr −1 as suggested recently by Hickler et al. (2008) . Using the most appropriate turnover rates will improve the capacity of these models to assess the change in belowground C pools in forests. Fine root turnover rate is dependent on the fine root biomass and the annual production of fine roots, but also on the various methods and calculations (e.g. Jourdan et al. 2008; Gaul et al. 2009; Finer et al. 2011; Yuan and Chen 2010) . However, there is quite some uncertainty regarding which fine root turnover rates would be most suitable for end users. This is illustrated by the ongoing debate among scientists about how the turnover rate of the fine roots can be estimated best and which method is the most suitable (e.g. Strand et al. 2008; Trumbore and Gaudinski 2003; Jourdan et al. 2008) . Starting from the most recent developments, stable Cisotopes and radiocarbon ( 13 C, 14 C) may be used to estimate root carbon longevity, either by using labelling techniques or natural abundances in the atmosphere (e.g. Matamala et al. 2003; Gaudinski et al. 2001 Gaudinski et al. , 2010 Endrulat et al. 2010) . A more widely used method to estimate the lifespan of fine roots is the use of minirhizotrons (e.g. Johnson et al. 2001; Majdi and Andersson 2005) . This technique allows for a direct observation of individual roots and their development. Both methods suffer from several drawbacks, the main weakness of isotopic analysis for root age determination is the uncertain age of organic compounds used to construct fine roots (Sah et al. 2011) . Meanwhile, minirhizotron studies are not able to determine the exact time of root death. In addition, the installation of the minirhizotron tubes can change water and temperature regimes as well as soil matrix resistance to root penetration. Moreover, fine root growth is often stimulated by the conditions along the minirhizotron tube. Unsurprisingly, direct comparisons of these two methods result in a discrepancy in root longevity estimates (Tierney and Fahey 2002; Strand et al. 2008; Gaul et al. 2009) , sometimes explained by different fractions of fine roots under observation, i.e. the short-lived and the long-lived fine roots, likely to be recorded by these two methods (Gaudinski et al. 2010) .
Alternatively, instead of direct observations of individual root longevity, the mean lifespan can be calculated by dividing the 'pool' (biomass) by its 'input' (annual production). Because the turnover rate is the inverse of lifespan, it can be calculated by dividing the 'annual production' by the 'belowground standing crop' (0biomass) (Gill and Jackson 2000) . There are several methods used to obtain estimates of annual fine root production. A widely used method to directly measure the production of fine roots is the use of ingrowth cores (e.g. Persson 1980a Persson , 1980b Vogt and Persson 1991) . This method measures the amount of fine roots which grow into a defined volume of root-free soil over a defined period of time. The advantage of this method is its relative ease and speed of application when estimating root production (Vogt and Persson 1991) . More recently, root nets were applied instead of ingrowth cores to minimise soil disturbance during the installation (Hirano et al. 2009; Lukac and Godbold 2010 ). An alternative method to indirectly measure the production of fine roots is the sequential coring technique (e.g. Stober et al. 2000; Ostonen et al. 2005) . Here, several series of soil cores are sampled at defined intervals over a period of at least 1 year. Fine roots are extracted from the soil cores and the differences of the dry mass of living (biomass) and dead (necromass) fine roots between two time points recorded. Taking advantage of data generated by sequential coring, several methods exist to calculate the production from the change of the fine-root biomass and necromass data. The production can be calculated by the 'Maximum-Minimum' formula (McClaugherty et al. 1982) , by the 'Decision Matrix' formula (Fairley and Alexander 1985) , or by the 'Compartment Flow' formula (Santantonio and Grace 1987) . Whereas the 'MaximumMinimum' formula uses only biomass data, the other two methods require both biomass and necromass data. The 'Compartment Flow' formula further requires decomposition data of fine root litter (e.g. Silver et al. 2005, Osawa and Aizawa 2012) . Thus, the values of fine root turnover rates can vary not only due to measurement methods but also due to calculation methods applied (e.g. Publicover and Vogt 1993; Vogt et al. 1998; Strand et al. 2008) . A true comparison of the various turnover rates may only be possible by using observations from same sites where various methods were applied (e.g. Haynes and Gower 1995; Ostonen et al. 2005; Hendricks et al. 2006; Gaul et al. 2009 ). As for the popularity of different measurement methods, many more estimates of root turnover rates are available from sequential coring and ingrowth cores than from the minirhizotron method (Finer et al. 2011) .
We took advantage of the European COST network FP0803 "Belowground carbon turnover in European forests" bringing together root researchers from 30 European countries, to investigate on the sources of variation in turnover estimates available in the literature. In particular, as our group covered most of the European research groups that have worked on fine root turnover in the last decades, we were able to reunite/mine detailed datasets needed to evaluate the effect of calculation methods on fine root turnover rates in the European context. This implies that the implications of our work are restricted to European tree species and growth conditions. Our objectives were 1) to evaluate the pure effect of calculation methods on mean turnover rates of European forests and their ranges; 2) to evaluate how other factors such as soil stratification contribute to the calculated/perceived variation in turnover rates of European forests, and 3) to propose turnover rates and ranges for end users for the most common European forests.
Materials and methods

Data origin
Our study was carried out on data of fine root biomass and necromass of European forest tree species, extracted from published studies, found through regular literature research in library databases or supplied by members of our COST network. A large proportion of the data originates from doctoral theses due to the availability of raw data in this type of publication. We only included datasets where data collection was carried out for at least one full year. Fine root production was measured either directly by the use of the ingrowth core method or indirectly by the use of the sequential coring method (see Ostonen et al. 2005) . Fine root biomass was defined as the amount of living fine roots occurring in the soil at any given time. Sequential coring was used to establish fine root biomass in most studies, apart from the case of the ingrowth core method where biomass usually was estimated from a single coring. We did not consider data originating from minirhizotron studies as these are reviewed elsewhere (Børja et al. in preparation) . Finally, the dataset created for this study included 17 studies with 31 datasets for sequential coring and 7 for ingrowth core studies. The most abundant data sets obtained by sequential coring were available for Fagus sylvatica and Picea abies with 13 and 11 data sets, respectively (Table 3) . Data sets of other tree species, e.g. Pinus sylvestris, Populus spp., and Quercus spp., were present only in three or fewer data sets. More than 80 % of the data were from forests with adult trees ('steady state' conditions). Data sets originating from ingrowth cores were available only for F. sylvatica, P. abies, and P. sylvestris, and with only two to three data sets per tree species (Table 4) .
Calculations of fine-root production
Fine root production was calculated either with the 'Maximum-Minimum' formula or the 'Decision Matrix'. The 'Compartment Flow' method was not applied because decomposition data of root litter were not sufficiently available. As a pre-requisite of annual fine root production calculation, a single sampling campaign must have lasted at least 12 months. Studies of less than 12 months (e.g. one vegetation period) or not of required level of detail were not considered (e.g. Konôpka et al. 2005; Konôpka 2009; López et al. 2001) . At least two measurements from the same month in two consecutive years are the minimum requirement for the calculation of root production.
The Maximum-Minimum (MM) formula calculates the annual fine-root production (P a ) by subtracting the lowest biomass (B min ) from the highest biomass value (B max ) irrespectively of other biomass values recorded during a full year (McClaugherty et al. 1982) . Necromass data are not required for this method:
The Decision Matrix (DM) calculates the annual fine-root production (P a ) by summing all calculated productions (P) between each pair of consecutive sampling dates throughout a full year:
The production (P) between two sampling dates is calculated either by adding the differences in biomass (ΔB) and necromass (ΔN), by adding only the differences in biomass (ΔB), or by equalling P to zero (Fairley and Alexander 1985) . The conditions with which of the P formulas to be used are as follows: The Decision Matrix used as the basis for calculations is shown in Table 1 . To calculate the annual production, all production values from interim periods are summed up from the start of sequential coring until the same time point in the following year (see also Table 2a, b). In the present study, all differences in biomass and necromass were taken into account during the calculation, assuming that the living and dead pool are continuously changing. However, some authors suggest summing up only the statistically significant differences (e.g. Stober et al. 2000) . We propose that accounting for all differences between root biomass in two sampling dates constitutes a better approach. The size (and therefore the significance) of the difference is clearly dependent on the duration of the interim period, as well as on the season. Including significantly different observations would skew the data coverage towards long-gap observations only.
Calculations of fine-root turnover rates
The turnover rate T Bmax of fine roots was calculated by dividing the annual fine root production (P a ) by the highest biomass value (maximum biomass B max ) according to Gill and Jackson (2000) (compare also Table 2c ):
As an alternative, the turnover rate T Bmean was calculated by dividing the annual fine root production (P a ) by the mean biomass (B mean ) according to McClaugherty et al. (1982) (compare also Table 2c ):
Assessment of other factors generating variation in fine-root turnover rates
Utilizing the raw datasets in our database, we analysed several other factors for their influence of fine root turnover, based on subsamples of the database for sequential coring only. These factors included 1) soil stratification, 2) soil depth, 3) root diameter, 4) observation length, 5) start of observation period and 6) number of samplings per year. For the soil stratification approach we used 13 sites with detailed root data for the various soil layers. Briefly, for the layer-per-layer approach we computed fine root production per layer and summed this as a fine root production for the entire profile. Turnover rate was then computed as production divided by average fine root biomass for the entire profile. For the whole profile approach, instead, we used the summed bio-and necromass values for the entire profile to compute fine root production and then divided by average fine root biomass to calculate the fine root turnover rate. For this comparison of the two approaches, sequential coring data, decision matrix calculations and mean biomass values were taken from Hertel (1999) , Richter (2007), Makkonen and Helmisaari (1999) , Bakker (1999) , and Ostonen et al. (2005) . In the reports relative to seven sites we had fine root data separately assessed for sub diameter classes (<1 mm, 1-2 mm) and so we could do the calculations for each diameter class and compare them with the total diameter class (<2 mm). And, utilizing studies with longest data series, we explored whether and how different observations lengths (1 yr, 1-2 yr, 2-3 yr), the start of the observation period (spring, summer, autumn, winter), and the number of samplings per year may influence the turnover values.
Statistics
For statistical analyses, simple linear regression and Mann-Whitney U test, the software StatView 5.0 (SAS Institute, Cary, NY, USA) was used, with the significance level of p<0.05. The data was tested for normal distribution and for homogeneity of variances among groups.
Results
Fine-root turnover rate
Turnover rates obtained by the combination of sequential coring, Decision Matrix method, and the maximum biomass data varied from 0.19 to 2.04 yr −1 for F. sylvatica and from 0.44 to 1.36 yr −1 for P. abies (Table 3) , respectively (Table 5) . Using the mean biomass instead of the maximum biomass, the turnover rates varied from 0.23 to 2.92 yr −1 for F. sylvatica and from 0.56 to 1.77 yr −1 for P. abies (Table 3) , with mean values of 1.11 yr −1 for both F. sylvatica and P. abies (Table 5 ). For other tree species, less than three data sets were available, e.g. only 2 data sets were available for P. sylvestris, and both had turnover rates higher than 1.5 yr −1 (Table 3) .
Turnover rates obtained by the combination of sequential coring, Maximum-Minimum method, and maximum biomass data were consistently below 0.7 yr −1 for F. sylvatica and P. abies (Table 3) , with mean turnover rates of 0.41 yr −1 and 0.44 yr , respectively (Table 5 ). The mean turnover rate of P. sylvestris was 0.48 yr −1 and did fall in a similar range (Table 5) . Using the mean biomass instead of the maximum biomass, the turnover rates ranged from 0.26 to 0.95 yr −1 for F. sylvatica and P. Fairley and Alexander (1985) . (B 0 Biomass, N 0 Necromass, P 0 Production) Biomass increase Biomass decrease
abies (Table 3) , with mean turnover rates of 0.53 yr −1 for F. sylvatica and 0.57 yr −1 for P. abies (Table 5) .
Using the ingrowth core method, in maximum three data sets were available per tree species (Table 4) . Mean turnover rates obtained by ingrowth cores, the Decision Matrix method, and the maximum biomass were 1.00, 0.72, and 0.76 yr −1 for F. sylvatica, P.
abies, and P. sylvestris, respectively (Table 5) . Using the Maximum-Minimum method and the maximum biomass, the mean turnover rates were with 1.00, 0.62, and 0.72 yr −1 , respectively, in a similar range (Table 5) . Using the mean biomass instead of the maximum biomass, the mean turnover rates were higher, 2.58, 1.15, and 1.40 yr −1 for F. sylvatica, P. abies, and P. sylvestris, respectively, using the Decision Matrix, and 2.58, 0.98, and 1.31 yr −1 for F.
sylvatica, P. abies, and P. sylvestris, respectively, using the Maximum-Minimum formula (Table 5) . We compared the difference in turnover rate estimates based on maximum or mean biomass as the denominator. On average in our dataset, using mean biomass rather than maximum resulted in about 30 % higher estimate of root turnover rate T (T Bmean ¼ 1:3 T Bmax À 0:001; r 2 0 0.98, p<0.001; Fig. 1) . Table 2 Worked sample with a data set from sequential coring (data from Ostonen et al. 2005) . Formula [3] P ¼ $B þ $N ð Þ and [4] (P 0 ΔB) are according to Fairley and Alexander (1985) .
Other formula are according to the Material and Methods section. (P 0 Production, B 0 Biomass, N 0 Necromass, T 0 Turnover rate) a) Calculation of the production P using the Decision Matrix. Table 3 Sequential coring: Mean and maximum biomass, annual production, and turnover rate of tree fine roots recorded with sequential coring. The annual production is calculated with the 'Decision Matrix' or the 'Maximum-Minimum' formula, and the turnover rate is calculated by dividing the annual production by the mean biomass ( Persson (1980a) Soil stratification and root turnover rate
Our results show that a layer-per-layer approach yields a higher turnover rate than a 'one soil layer' approach (Fig. 2) . Using average data for the whole of the soil profile, as opposed to using data for individual layers, does not capture all observed differences in root biomass and therefore results in a lower estimate of NPP and thus significantly lower turnover rate T ( T wholeprofile ¼ 0:88 T layerÀperÀlayer À 0:17; r 2 00 . 9 1 , p<0.001; Fig. 2) .
Comparison between the Decision Matrix and the Maximum-Minimum method
Mean turnover rates calculated with the Decision Matrix were significantly higher than rates calculated with the Maximum-Minimum method (p<0.001, Fig. 3 ). Using mean biomass data resulted in significantly higher turnover rates compared to the use of maximum biomass data (p00.006, Fig. 3) , with a mean difference of about 30 %.
Discussion
Decision Matrix versus Maximum-Minimum method By analysing our European data set, we found about two times higher root turnover rates when using the Decision Matrix method compared to the Maximum-Minimum method. The observed discrepancy is best described by Table 5 Summary of biomass, annual production, and turnover rates (±SE) of fine roots of common European tree species. The annual production is calculated with the 'Decision Matrix' or the 'Maximum-Minimum' formula, and the turnover rate is calculated by dividing the annual production by the mean biomass (B mean ) or by the maximum biomass (B max ) the fact that Decision Matrix accumulates differences between all observations-the larger the number of interim observations (e.g. monthly observations) the larger the potential for accounting all the peaks and troughs. The Maximum-Minimum method, on the other hand, makes use only of the annual net gain in biomass.
On the basis of our comparison, we suggest that the Maximum-Minimum method should be used with caution; by definition, root turnover rates calculated by this method are bound between 0 and 1. Although this range may cover some ecosystems, it cannot correctly capture reality in systems where faster root turnover has been observed (e.g. Lukac et al. 2003) as it was shown for fast growing species (Jourdan et al. 2008 ). The MaximumMinimum method is therefore only suitable for ecosystems with strong annual fluctuation of fine root biomass where turnover rate is not expected to exceed 1. In a forest ecosystem where root production and root death occur continuously and on a similar level all year round (e.g. 'steady state'), no differences between maximum and minimum biomass will be observed. Such an observation will result in a zero estimate of root production and subsequently a zero estimate of root turnover rate (see also Kurz and Kimmins 1987) . Moving on to the Decision Matrix method, the weak point of this method is-as with all methods using dead roots-the difficulty of quantifying root necromass. The potentially rapid disappearance of root necromass may lead to underestimates (Hendricks et al. 2006) . One of possible reasons for the rapid disappearance is belowground herbivory (Stevens et al. 2002) . Nevertheless, we propose that if necromass observations are available or can be obtained, the Decision Matrix should be favoured over the Minimum-Maximum formula. The former considers both living and dead fine roots, the calculation is thus based on more information, reducing the scope for significant errors. One potential source of error, however, is if all the differences in fine root biomass and necromass between sampling periods are subjected to the calculations regardless of their statistical significance. This may lead to overestimation. . Turnover rates were calculated the whole data set of sequential coring and using the Decision Matrix method and maximum biomass data (data from Hertel 1999; Richter 2007; Makkonen and Helmisaari 1999; Bakker 1999; Ostonen et al. 2005) . Mean soil depth is 44 cm, and the average number of individual soil layers is four Biomass mean ab Fig. 3 Mean turnover rates calculated from the whole data set of sequential coring and using the Decision Matrix (DM) or the Maximum-Minimum method (MM) and using mean biomass B mean or maximum biomass B max data Even though root coring methods-whether sequential or ingrowth-do deliver dependable and comparable measurements of fine root turnover, the application of the minirhizotron technique to estimate fine-root production and turnover is still favoured over the sequential coring or the ingrowth core method in certain situations (Hendricks et al. 2006) . Turnover rate estimates obtained by minirhizotron studies can be higher than 1 and the method allows for repeated observation of the same roots. However, in some forest ecosystems, application of minirhizotron methods to measure fine-root production is hampered, e.g. in stony or shallow soils or on steep slopes. Sequential coring and ingrowth core methods are suitable even for these environments, giving them an advantage in terms of comparability of resulting data.
Maximum biomass versus mean biomass
By definition, the denominator in the root turnover calculation equation is the representation of biomass present in the soil. An assumption inherent to all root turnover calculation method is that annual fine root production (obtained by whatever method) equals to fine root mortality and the system is at steady state on an annual basis. Over the course of a year, new growth replaces roots which have died. The proportion of roots which have been replaced can therefore be calculated as root production over biomass. At the present, both maximum and mean root biomass are used, with about two-thirds of studies using maximum biomass (Gill and Jackson 2000) . They justified the use of the maximum biomass as "…because it is an extensively used model of root turnover and because of its heuristic value". When constructing models of root allocation in forests, a case can be made for maximum biomass to be the preferred parameter over mean or minimum values due to the importance of setting an upper limit for the allocation rate. Fine root allocation rate may depend on sink strength (C demand), but might ultimately be limited by the maximum fraction of GPP which trees can allocate to root systems (Astrid Meyer, personal communication; see also Farrar and Jones 2000; Gower et al. 1996; Poorter et al. 2012) . Having said that, and bearing in mind that the root turnover calculation assumes an ecosystem at steady state, a mean value is indicative of the long-term average as it evens out seasonal variation in biomass. Maximum biomass, on the other hand, is substantially more susceptible to between-year fluctuations due to climatic variation, which occur even if a forest ecosystem is at a steady state. Thus, we propose that mean biomass rather than the maximum is more representative of the annual live biomass present in the soil. The use of mean biomass in our calculations increased the turnover rates by about 30 % compared to the use of the maximum biomass.
An additional factor significantly affecting the results of the turnover calculations is the use of summed up values of biomass, necromass, and productivity for the whole soil profile versus using these data for individual soil layers (horizons). We acknowledge that using individual horizons should be preferable as the root turnover rate may be affected by differing physical and chemical characteristics of individual horizons. We established that basing root turnover rate calculation on individual horizon data increases the overall turnover rate-probably because it allows for better capture of biomass and necromass variations over time. We are, however, aware that root biomass and production observation on a horizon basis constitutes a significant technical challenge and contend that using whole-soil data is acceptable. Further factors potentially influencing the turnover rate, e.g. soil depth, length of study, or root diameter class have also been tested in this study, however, the available European dataset for these parameters was limited and did not allow further deductions. Thus, besides the uncertainties due to climatic and calculation reasons, many other external factors may potentially affect the estimates of root turnover rates. At present, no available technique can solve this predicament and we put forward that our root turnover rates represent the best approximation obtained by using sequential soil or ingrowth cores.
Turnover rates of European tree species Our review of published studies from European forest stands revealed that most data for fine-root turnover rate originate from sequential coring, with the prevalence of Fagus sylvatica or Picea abies as the species of interest. Studies performed in forest stands with other dominating tree species such as Quercus spp., Pinus spp. were far less abundant. Similarly, turnover rate studies where ingrowth cores were used instead of employing the sequential coring method to measure fine-root production, were far less abundant. Whereas in our study the data sets of F. sylvatica derived mainly from Central Europe, the data sets of P. abies originated from Central as well as from Northern Europe. Trees from Southern European countries were represented only by a few data sets, and no conclusive turnover rates can be suggested for this environment yet. Overall, we propose that only the fine root turnover rates in our study for the following species may be recommended for further use in biogeochemical models with a reasonable degree of accuracy: F. sylvatica and P. abies. We established a turnover rate of 1.11 yr −1 for both F.
sylvatica and P. abies, using the Decision Matrix formula and the mean biomass data from sequential coring.
Turnover rates applied in biogeochemical models
One of the aims of the present study was to deliver suitable fine-root turnover data of European tree species, which may be used by modellers to construct ecosystem or biogeochemical models. Such models are applied in many European countries to report the change of belowground C in European forests as a reporting requirement for the Kyoto protocol signatories. A brief overview of the models applied so far shows that a wide variety of root turnover rates are used, some resembling measured values, others less so. In one of the first applications, the fine-root turnover rate was set to 1.0 yr −1 for deciduous broad-leaf and deciduous needle-leaf trees and to 0.26 yr −1 for evergreen needle-leaf trees (White et al. 2000 , using the Biome-BGC model). The distinct difference between deciduous trees and evergreen needle-leaf trees mainly originated from the notion that fine-root turnover rate is equal to leaf turnover rate. A compilation of the various turnover rates applied in European modelling studies is shown in Table 6 . Most recent studies applied a universal fine-root turnover rate of 0.7 yr −1 to all forest tree species (Hickler et al. 2008 , using the LPJ-GUESS model). This assumption is based on Vogt et al. (1996) and on Li et al. (2003) (Thomas Hickler, personal communication) . Li et al. (2003) found a linear relationship between fine root production and fine root biomass, with the turnover rate 0.64 yr −1 which was lower than the original estimate of 0.73 y −1 from a previous analysis (Kurz et al. 1996) . Using 'universal' turnover rates, however, should be discouraged if country-based C budgets have to be reported within the frame to the Kyoto Tatarinov and Cienciala (2006) protocol and species-specific and biome based values of root turnover rate are available.
Conclusions
The present synthesis on fine-root turnover of European forests reveals that only Fagus sylvatica and Picea abies have sufficient data availability to suggest mean turnover rates obtained by soil coring to be used by National C reporters (0.86±0.16 yr −1 for F. sylvatica, 0.88±0.11 yr −1 for P. abies, when maximum biomass data are used; 1.11±0.21 yr −1 for F. sylvatica, 1.11± 0.14 yr −1 for P. abies, when mean biomass data are used). Data sets of other European forests or obtained by alternative methods such as ingrowth cores were too small to allow for distinct conclusions on the turnover rates. Based on our calculations, we put forward that usage of mean rather than maximum root biomass in turnover calculations is preferable as it better reflects long-term quantity of biomass.
